It has been shown th at catalase im m obilized on g raphite and soot u n d erg o es an oxidatio n red u ctio n transform ation. Some results on the effect o f the po ten tial sw eep rate, te m p e r a tu re and pH on this transform ation are presen ted . O n the basis of the relationship e sta b lished, it has been proved th at the redox tran sfo rm atio n is related to th e iron in the hem e of the active cen ter of the enzym e and takes place
Introduction
Catalase is regarded to as one of the most com mon enzymes in plant and animal tissues and has a protection function connected with the decom position of hydrogen peroxide. The catalase mac romolecule consists of four subunits -each of them involving ferriporphyrin as a prosthetic group (M etelitsa, 1984) . The gross molecule mass of catalase is Mr=250000. Catalase is highly spe cific enzyme and its basic function is high per formance catalysis of hydrogen peroxide decom position with liberation of water and molecular oxygen. Besides, that catalase also shows a m oder ate peroxidase activity, i.e. it can speed up oxida tion reactions with hydrogen peroxide (Artemchik et al., 1985 (Artemchik et al., , 1986 . It has been proved by spectro scopy that catalase, like peroxidase forms three compounds, when reacted with hydrogen perox ide. W hen catalase reacts with hydrogen peroxide com pound I (an interm ediate enzyme-substrate complex I) is formed. Further on it can oxidize the hydrogen peroxide. The loss of an oxidation equivalent in compound I leads to the formation of com pound II. Compound III is formed on the oxidation of compound II with hydrogen peroxide and has three oxidation equivalents of Fe (III). (Dixon and Webb, 1966; Hughes, 1983) . Com pound I has high activity and takes part in the en zymatic process. Not only hydroperoxides but also R eprint req u ests to Dr. H orozova.
with a tran sfer of one electron.
other hydrogen donors can react with compound I -ethanol for example. The activity of compound II is by 104 lower than that of compound I, while compound III has no enzymatic activity at all.
In electrochemical systems catalase is used to produce enzyme m em branes for the electrochemi cal determ ination of glucose (Liu et al., 1979) . A d ditions of catalase to glucose oxidase, in some cases, allow an expansion of the range of glucose concentrations that can be determ ined. This is due to the partial decomposition of the hydrogen per oxide being formed.
The objective of the present work was to study the adsorption of catalase on carbon materials and its electrochemical reactions in adsorbed state.
Materials and M ethods
The catalase used in this work was EC 1.11.1.6 from Penicillium chrysogenum 245 ("Biovet"-Bulgaria). The specific activity of the enzyme is 1000 U xm g-1. The reagents for the solutions: Na2H P 0 4x l2 H 20 , KOH, H 3P 0 4, citric acid, K M n 0 4 and H 20 2, all with analytical grade quali fication. The solutions were prepared with bidis tilled water. The electrochemical measurements were carried out using cyclic voltammetry (Kulys and Razumas, 1986) . A silver-silver chloride electrode was used as reference electrode, and a platinum wire as counter electrode. The working electrode was pre pared in the form of a disk with a diam eter of 0 .5 -0.6 cm from spectroscopically pure graphite pressed together with teflon and with a platinum current tap, or in the form of tablets of hydrophobized soot with deposited active layer ( 1 -2 mg) of soot. During the voltammetric m easurem ents the solution was purged with argon. The adsorption of catalase was carried out un der static conditions from 1 ml solution of catalase with concentration of enzyme C = lx l0 -4 m per 10 mg soot. The amount of enzyme adsorbed was de termined spectrophotom etrically by the decrease of the catalase concentration in the solution after adsorption. The spectrophotom eter used was Specord UV VIS (Carl Zeiss, Jena, G D R ). The amount of the catalase in the solution was deter mined on the basis of a calibration graph ( Fig. 1 b) for the maximum at A .max=280 nm. The value of the extinction coefficient is £28o=l -38xl05 lxm ol" 'xcm -
The adsorption of the catalase on graphite was carried out as follows: the graphite electrode was pretreated electrochemically at a high anode po tential £=1.5 V for t= 1 min, cycled (cathode-anode) in the range of the potential change E= -0 .2 -0 .6 V until a reproducible background curve was obtained. The adsorption was carried out by dipping the electrode into the solution of the en
Fig. 1. C atalase ab sorption spectra (a) and a calibration curve for determ in atio n of the catalase co n cen tratio n in the solution (b): a: catalase co n cen tratio n in the citrate buffer -pH 7.0 , m:1 -0 .5 x 10~5; 2 -0 .3 6 x 10~5; 1cm cell.
zyme. The catalase adsorption on soot and on graphite was conducted at room tem perature. The enzymatic activity of the catalase dissolved and immobilized on soot was determ ined by the decomposition reaction of hydrogen peroxide. The amount of H 20 2 was determ ined by perm anganometry.
Results and Discussion
Catalase was adsorbed on soot and its maximum amount was 38 mg per gram of soot. The am ount of the catalase adsorbed on spectroscopically pure graphite was evaluated by electrochemical m eas urements. Reversible anode and cathode maxima are observed in the current-potential curves re corded for the graphite electrode with ads,orbed catalase ( Fig. 2 a, curve 2 ) and for the electrode of soot with adsorbed catalase (Fig. 2 b) in the poten tial range of 0.5-0.1 V. The polarization capacity of the graphite electrode with adsorbed enzyme (Fig. 2a) . in the potential range of 0.6-0.3 V, decreases -another proof for the adsorption of catalase. The effect of the adsorption time and the enzyme concentration in the solution on the electric charge used for the redox transform ation of the enzyme was studied on a spectroscopically pure graphite electrode. The results are presented in Fig. 3 . The maximum filling is reached in over 60 min and then it does not depend on the adsorp tion time. The electric charge is determ ined under the current-potential curve as it is shown in Fig. 2 without taking into consideration of the back ground curve. This assumption was made on the basis of previous experiments which had shown that the electric charge under the current-potential curve for graphite does not depend on the poten tial change rate. In this way, the contribution of electric charge from the background curve is con stant. M oreover, the electric charge values were referred to the effective surface of the graphite electrode. The electrode surface was determ ined by the background current-potential curve in the potential range of 0.4-0.5 V, assuming that the carbon material capacity was 25 nFxcm -2 (Tarassevitch, 1984). Catalase is firmly adsorbed. This is indicated by the possibility of recording a num ber of current-potential curves, where the current values in the maxima remain constant.
The redox transformations observed in the cur rent-potential curves are probably related to trans formations of the iron in the active center of cata lase. When potassium cyanide, a catalase inhibitor, is introduced into the solution, the current values in the maxima decrease and the electric charge used for the redox transform ations of the enzyme drops from 12 |iC, in the case without cyanide, to 10 [iC at a concentration of 8 x l0~3 m KCN (The reduced values for the electric charge were calcu lated for a surface of 1 cm2).
Analysis of the kinetic param eters of the redoxtransformations of catalase immobilized on graph ite and concepts of the mechanism of this process could be obtained on the basis of the dependence of the anode and cathode potentials on pH and on the potential change rate. When pH is changed from 3.5 to 8, where the enzyme retains its proper ties, the potential values of the anode and cathode maxima E* are shifted (Fig. 4) . The ratio r) P* " -= -0.06 V for both anode and cathode maxdpH ima is an indication of a proton participation in the reaction. The dependence of the anode E* and cathode E* potential maxima in the redox transform a tion of catalase on the logarithm of potential change rate \gV is given in Fig. 5 . The ratiô ^ f1 * , , r = 0.030 V. From the figure presented, dlgV dlgV it is seen that in the range of the rate change from 0.01 to 0.10 Vxs-1 the potential shift in the anode (of the anode maximum) and in the cathode (of the cathode maximum) side is of 0.04 V, i.e. up to a rate of 0.10 Vxs-1 the potential value at the max ima is insignificantly shifted with is rate. This fact and the independence of Eg and E* on V up to 0.01 V xs-1 testify that the reaction rate was not very high. The extrapolation of the cathode and anode areas of the relationship E*-lgV up to the intersection point allowed the determ ination of the equilibrium potential 0.19 V. The voltammetric m easurements of the graphite electrode with im- mobilized catalase (Fig. 2) show that the oxidation and reduction of the enzyme takes place at a po tential of 0.20 V. The potential value of 0.19 V coincides with the redox potential which is another proof that the redox reaction takes place in the active center of the protein which, after the ad sorption, retained the properties of the native molecule. The num ber of electrons taking part in the redox transform ation of the adsorbed catalase was determ ined using the following expression E p-E p/2=3.53 KT/nF\ where E p and Ep/2 are the potentials corresponding to the current peak Ip and / p /2. This expression is valid for reversible redox systems in adsorbed state (Kulys and Razumas, 1986) . For the system we studied n=1. In that case E*=Ep. From the values obtained for n = l and for the kinetic param eter (0.03 V) with in the bound aries of the formal electrochemical kinetics (Damaskin and Petrii, 1983) it can be concluded that the transfer of electrons does not appear as a slow stage. It is most likely that the process rate is lim ited by the conformation changes in the protein globule in the course of its transformation. It can be concluded on the basis of the data found in literature, that they could be changes in the vol ume of the macromolecule in the transition from oxidatized to reduced state and vice versa (Taniguchi et al., 1984) . In order to obtain some information about the structural transform ations taking place in the en zyme molecule the tem perature dependence of the enzyme redox potential was studied (Fig. 6) . The the redox transform ation of the catalase immo bilized on graphite was calculated by the for-
mula (Kulys and Razumas, 1986 ): AS -F -15.6.
d T
Using the data for AS and E*(Ep) at r = 25 °C, we calculated AG and AH from the following equa tions: AG = -nFE*', A H -A G + T A S .
The results obtained are given in Table I . Table I The dependence of the current in the maximum (the pure graphite current was eliminated) on the temperature is given in Fig. 7 . In the range of 5 -35 °C, where the enzyme retains its activity, the A r rhenius plot is linear. The activation energy value determined in that range was 24.45 k Jx m o l'1, con siderably higher than the value of the activation en ergy in the redox transformation of cytochrome c adsorbed on carbon material (Bogdanovskaja et al., 1989) . but close to that of cytochrome c on modified electrodes (Koller and Hawkridge, 1985) . The val ues of the kinetic parameters -£ a and dE^/dT in Table I , compared to the ones for cytochrome c (Taniguchi et al., 1984; Bowden et al., 1982) express the conformation changes taking place in the pro tein macromolecule. At the same time, however, the data for AS in Table I give evidence for a firmly im mobilized catalase because the enzyme redox trans formation takes place with a relatively low change of the entropy.
Any increase in temperature over 30 °C causes partial desorption of the catalase immobilized on graphite. This is also confirmed by the data obtained with the enzyme immobilized on soot. When the so lution containing soot with adsorbed catalase is heated up to 40 °C, 65-70% of the compound ad sorbed passes into the volume of the solution (the amount was determined by spectrophotometry).
The next step in the study was to compare the catalase enzymatic activity in solution to that in ad sorbed state. It has been shown that the enzyme in immobilized state retains its activity and the depend- ence of the reaction rate on the concentration of the substrate has a hyperbolic character in both cases. The kinetic parameters of the enzyme reaction were calculated by the relationship between the reaction rate of hydrogen peroxide decomposition and the concentration of the substrate (Fig. 8) . The kinetic parameters are as follows: for catalase in solution -/Cm=2.0xl0-2 m and K=7.14, and for catalase immo bilized on soot -K m=2.5xl0~2 m and V=2.5. From these data it follows that the enzyme activity decreases after immobilization.
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